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Abstr8ct

We prcsmt test rmults al,ct dcsigtl details for tl)e first slmrt-tcrlll f[ WIIrYICy stat ldard to stcllievc ultra -lligll sta-

t,ility without tl,c usc of liquid ]IcliurII. Witl, rcfl igeratioll prnvicled lJy a col!lrl,crcia] cryc,ccmlcr, t}ts’ Cornlm!!sat cd

Sa]]],}lirc Oscillator (10 K CSO) rrlakc.s availa})lc tllc su]mrior sllorl-tcrnl stability ~~d p] Ia.W>IIoise pr?rforlllance of

cryogcriic oscillators WriLIIOUt ]miodic interrul>tinlis for cryc,gct! rc],lacerllent. Technical featurm of tl!c 10 K CSO

include usc of a 2-sLagc cryocrm!cr with vil,ratioll iso]atiorl by }Ielirrn] gas at ato)os]d ieric I]re.$sure, and a riew

saI)IJ}lire/ruby rmuriator de.sigtl givirlg cotll]]ctw+tcd ormrat io]l al & 10K wit}l Q = 1 – 2 x 109. Stability of tllc first

unit slIrrws arl Allall ])rwiatioa of au < 2.5 x 10-15 for rllrwsurillg tilllrx of 200 sccrrllds ~ -r < 600 srwor!ds. WC

also Im.srnlt KSU]LS slmwing tllc capallility of the 10 K (!S0 to elitllillatr’ iocal oscillator degradation for atrrlnic

frcqum,cy standards. Cmfigurcd a~ !,.0. for the 1,11’S-7 tra])ped nmcury ion frequency standard, the CSO/l,lTS

colrlbination demonstrated a Iitlliti]g ]~crfor!nallce nf 3.0 x 10- 14/7 ]/2, the Iowcst value rnea.<u red to date for a

I,a%ive atol[lic frequerlcy standard, atl[l virtually idcritical to the value calculated front ~Jhoton statisti~s,

I. IIACKC; ROUNI)

Cryogenic oscillato~s o~mat itg below al lout 10 K ofkr the highest possible sl]ort term stability of any

frcqurmcy sources [1]- [3]. However, t Iieir use has so far brm rest rictcd to research mvironmcnts due to

the limitccl operati[g lmriods associated with liquid-helium cooling.

We have devclo])ed a cryoge]lic sap;)hire oscillator for ultra-lligll short term stability ancl low phase noise

in suI)port clf tl]e Gssilli Ka- bald Radio Scimm mlwrimmlt [1]. M’itll cooling Imvidcd by a commercial

cryocooler instead of liquid lmliuln, this staudard is dcsifyled to olwrate cmt i~luous]y for ~mriocls of a year

or mom. Performance targets are a stability of 3 x 10-15 (1 sccollcl < T < 100 seconds) aucl a I)hase noise

of – 73 d13c/Hz G) IHz measured at 34 GHz. Illstallatio~l of t hcsc oscillators in stations of NASA’s I knp

Space Network (DSN) is ~JalLned ill tile years 2000 to 2002.

Ccmtinuous lcnlg-term c)pcration is crucial to the al]lJica\)ility of sllort-tcr~o frcqumlcy standards silice

they arc typically are used to “clcall up” tlm short-terln variaticnis of a lollgw term atomic standard,

the combined output Lining tl)en distributed to various users. Furthermore, the. c.ryogmic. oscillators c.au

provide local c)scillator (1,.0. ) pcrforn]auce as rwquircxl l)y a ltmv gcnmation of passive atomic standards.

l’lmc iuclude the Cksium Fountain and TrapImd Ion statdards which arc uudcr clcwcloImmlt at many

laboratories aroul]d tlm world, at Id whose ~)otellt ial is prescvd ly tlmvartcd by the lack of available 1,.0.

performance [4]-[6]. Chltilluous operation of the 1,.0. is crucial to tile utility of tllcsc atonkic staudards.

Our dcvelolmcmt \vas mlal)led ill part by a new gmlrvaticnl of 2-stage Gifrard- h~chfallo~l (CIIVI)cryc)cool-

ers which allow o]mrat ion at tcmpcrat urcx down to 4.2 K [7]. l’rc’viously, SUCILt,eml)eraturcs could only be

achieved I)y tlie use c)f at] additional Joule lllolliI)son cxI)a~lsion stage, with increased comj)lication and

cc)st, allcl with reduced reliability dur to tllc likelihood of cloggil]g tllc small exl)allsioll leak.

Any cryc)cooler gellerat.es vilmat ions u’llicll, if coupled to a lligll- Q electromagnet ic resonator, wc)uld de-

grade its fwqurnwy st al)ilit y. lIowevcr, a t ccllllolo~,y lm Im]l dm’elo]ml that allows isolatiml of cryocoolcr

vibratiolis frmn all m])erimcvd while I)ro\’idilLg aclcquate cooliug. II] t,lie face of very stringent vil ,ra-

t ion requil eliwllts, tllc cx]wrilnellta] h46SSl)itUC’r rxnnlnullity has successfully ado}) ted a Itwtlmclcdogy that



transfers lmt to cryorwolcr without physical contact I)y using turbulent cmwcct ion in a gravitationally

stratified lmlium gas [8].

Cryogenic standards llavc used Imt h sulxxconrluctillg and sal)IAirc rcsrmatorx to acllicve the Q > 109

xequircd fm 1 x 1f)- 15 frcqucmryy st al)ilit y. Su})c!rcollduct in.g resonator Q’s degrade to ullacc.cptablc WLIUCS

al)ovc about 2K. Howe’vcr, Q’s of a I]illion have berm previously mcasurd h whispering gallery saplhire

resonat cm at tcnl Imrat u!c:s u]) to 10 K [9], [10]. Ilowcvm, tile tml~maturc smlsitivity c)fsal)I)hirc resonators

is so large that higl] stability can only be attaillcd near a lncferrcd turm over ten]Imraturc M,llcrc!tile S1O]IC

of frequcnir-y vs tcnl~matrrrc aIJImachm zero. If salq Aire tutll-m’er t mllmrat urcs cc)uld trc raised from

tyl]ic.al rrs-sup~)licxl values of 5 K- 6 K to a lclm)ducible 8 K- 10 K, a lmac.tical cryo-coolccl standard with

1 x 10-1:’ stability CC,UICIbe built.

Tlw actual wrluc clf tlie t urmovcr for ally given rcso)lator clcpm~ds cm tlm conccmtraticm of incidwlta]

(= lIig/g I~aramagnctic inll)uritics as WC]]as tlm prolmr’tics of tlm ckxtrolnagnctic mode that is king

excited. If iml)urity ICVCIScould bc accurately controlkcl it might be possible to cmlstruct resonators that

would be compensated in tlm rclati~’ely ~lar~ow temperature ba~ld Lrdwcxm that u,hich cali be acllicwcd

with available c.ryocoolcr coolilqg and the tcm]mraturc at which tlw Q brgills to degraclc. Hov,,evcr, a

fairly large illcrcasc ill impurity colicnt is required trccause of a weak (fifth rc)ot) dcImndcnce of turn-over

t cmpcrat urc on concentration [1]. A])d, this must be acconl~dislmd wit bout clcgradillg the resonator Q.

Sal)l)llir’c’resonators with C’Xkrrld compcnsat ion have been denlonstratc!cl aXld~nq)oscd for high stability

at cryogelli(: temlmratures. A rcsonat or with a mechanical conllmlsation sclieme dcmcmstrated a stability

of ]JC’tkI’ than 1 x 10- 13 at a tcnll)eraturc above 77 K [11], and combined sap~dlire rutilc resonators ]lave

also lmv) ilwestigated [12]. However, tile Q values of a million or so that arc so far achicwablc w’ith these

scllmnm arc far Mm{, t,llosc llc:cded.

11. I)lHGN As} ’I:c’I’s

Clyogmlir aspects of design arc shcnvn ill Fig. 1 and llavc been prcsc~ted prcvicmsly [1]. Tlm cryocooler

is nloulltcd as rigidly as possible to t lie floor and the cryostat assembly is indcl)cvldently sul Jported from

the floor using convc~ltiollal vil)ration isolation colnponents.

Cryogc]lic syst,c)lls ])roviding vibratiom isolat,io~l by mealis of helium gas col!duct ion arc available COIn-

nlcrcially based on sniall 7 K 2-st age (;-M cryocoo]crs. lIowcvcr, tile availalde l)crformancc for these units

is li~llitcd to tcmlmrat urm above 131<-15 K, usiu$, a ]mtclhc’d tllmmal design. Ilased c)])our calculations of

thermal colduc.tion by turbrrlcnt gas flow’w’cco~lclude that a sinllde design witfl a gap of a fcw millimeters

lmt wwen coxlcentric cylinders shmvs higlmr tllcrmal conductivity for any given gcomct rical collstraiut than

the j)atcnt cd designs [13].

l’hc rcsoliator design S11OWV1ill Fig. 2 coltllmlsates tile frec~uency variation of a wllisI)crillg-gallery

salqdlire resonator by xncalls of a Imoximatc slid tllcrnlal]y at t achccl ru})y clcnlellt,. The IIig,ll chromium

conmntrat im in t lw ruly gives a large collllmisat ion effect that call be rcduccd by adjust iug its l)osit ion.



Tlw ruby was ccmstrucl cd so as to allow assmnbly gaIJs of citlm 2 mn] or 4111111M wecn] ruby and saIq ,hire

Clemcllts.

A WGE14,1, ] quasi- TE nmlc was chosm to mitlimizc tllc size of the col)lm sllieldil]g contai]m while

10 ~~it,l, sig~lifj~allt, axial II- fifJ(lS, tllc WG13 XllOCIC’alsostill allowing a sllicl&linlitecl Q of greater than 10 .

facilitates couIJing to a ruby clc~licnt disIJacml axially from t}lc salqAirc. All oIx!rating frequency of ]0.4

GHz Mm chosen to give effect ivc sl)i]l- tuni]lg without cxccssivc losses. Finite elclllcnt calculations were

USCCIto calculate mm gy ill the rul ~y ele.nmt atld its dial ncter was adjusted to give tlw desircxl = O.12CX1

C’llc’rgycontent [14].

Ccmpcmation design involves Mancil18 tlm Dcl)ye exl)allsion (CX2“4) by a 1/1’ spill-dependent term.

The sign of tllc spin term is al)propriate for compensation for frcqucncics bclm’ the 1) .44 GHz zero-field

splitting. Microwave c~ul)lil% to tll~ spins depends 011the geometry of the rw.oxlator and the cdectrolnag-

netic mode -the MT(;F, mode excited in the sapphire does not, ccml)le to the sl)ins. This gives resonator

baseline behavior \vit llout a tell Ipcrature turnover, and t]ms avoids the variability of sl)in-t uning f’rcnn

sample to sample in mm tile best sal)phirw. A rotation of the n~aglletic field orientation from the ver Lical

in the ruby is observable in Fig. 2 and provides effective coulding to tlm ruby sl)ills.

Finally, ruby spire tuning values axe recluired to calculate tlm rul)y electromagnetic cxlergy requirement

given above and tile sl)i~l- loss values will ldace a linlit on Q, and on the loss of Q with increasing turm over

temperature [15]. Our measurements of tlm characteristics of a 0.03 % g/g ruby samlde are shown in Fig.

3 and have been confirmed with nwasuremcmts of 5 more satnplcs. For our olwration 1 GIiz below the

zero fielcl sl)litting wc calculate a spill-loss limiting Q of about 3 x 10:’.

Fig. 4 shows t hc fil st rel)or[cd frequency turuover for a resonator with adjust al)le compensation and

ultra-high Q. The turnover tenlI~erat ure at 8.821 K for the first awmbly is close to the calculated value

of 7.25 K. The Q of tlw first sappl}ire was about 300 ~nillion at 8 1<-10 K with or without tile xuby

compensating elcnmlt. Tile mode excitec] is WG’E14,1,1 at 10.395 GHz,

Ikquency stability tests were lmformcd with and without the ruby c.on]pcvisation clement. Fhwn

wit bout conllmnsat ion, t lle tlwrmal ballast removes sllort-tmn variations, slmving a randolll-walk t,yj)e

stability of al)lmoxinlately 3 X 10- ‘5 x T1/2, ol )smved for measuring tinws abovo about 30 seconds. 13ilSC’d

cm our tllcmnal analysis, we cxlmct the shori - terln Imhal’icm to im])rove as 1/~ for nlcasuring times longer

than 0.8 scconcls, the ruby- salqhil c thermal rml)onsc, t ilnc. This would give a stability of less t hau

1 X 10-15 fcm Ioeasuring times T > 10 SCCO]KIS,

Compel lsatcxl stability tests wriih tile first resonator assembly S1]C)WM1a flicker floor of about 7 x 10-1:’.

WC nave not @ dctermilml if tlw floor M-as duc to tlm somewhat low resonator Q or to an olmm,ed

fmqucncy l)ulling with RF all~l)lit ude of more tlmn 1 x 10-11 Ilz/Hz/d13.

Fig. 5 SILOWSfrcqucnlcy stabilit y lllc’:isurclll(:llts fcmthe first rcscmatcm aft m it was scld back to t he sulq)lier



for an ‘(after- IJolish anucal” which IIad hem slii}qml cm tlw first two salllIdcs in order !0 Illcet our drlivcry

sclmdule. The rescmator ~~ asscmdM tlm smmd time shows all unlc)aclcxl Q of about 1 X 109 with al]nost

exactly critical couIding. Additionally, probaldy due t o the Ixd ter coulding, t lm resonator SI1OWCCIa shar]dy

rec]uccd IW’ alnplitude Imlling of = 10-12 Hz/Iiz/dB. Tl)c turnover temperature incrmsed slightly to 8.54

K.

The short- term l)art of the stability shown ill Fig. 5 is lilnited l)y maser pcrformaucc with m additional

fluctrraticms attributable to tlw (XC). The flicker floor is 1W1OWOV==2.4 x 10- ‘5.

The low 10- 13/day drift c)f tlm CSC) allovwd easy a])plic,atiou as a]] L.O. for the JI’L l.imar Ion Tr:q)

Standard (LITS) [4], [b]. Frequency pulli])g of 6u/v = 10-11 was possible by addition of an external DC

voltage tc) the Pouud frcqumcy lock circuitry of the CSO. The 1,11’S was tuucd for high S/N and low 1/71/2

fluctuations, yielding a calculated deviation for statistical (light couut) variations of 3.0 x 10- 14/71/2.

Fig. 6 S11OWSa comparison of tllc CS@ LITS standard with a SAO hydrogen maser. Tile measured

stability is limited at all measuring t imrx+by hydrogen maser frequency fluctuations.

The significance of this dcmollstrat ion is two- fold. First, use of the CSO as 1..0. allows us for the first

time to scc the LITS stability essentially undcgraded by 1..0. effects [16]. Scccmdly, t,hc cocfflcicnt of the

1/r]12 slope is the 10WM measured to elate for a passive lnicrowave atomic frequency standard, COInple-

mmtiug ~mwious dmlonstrations of exccl)tioltal stability of the I,ITS for measuring times of thousands of

seconds to weeks and months [5].

IV. CONCI,USIONS

Tile 10 K Comlmnsated SaIq)hire Oscillator has km demonstrated M the first coxltinuously elm] able

frequency standard with ultra- high short, term stability. Pha.w noise tests arc being addressed with

construction of a scconcl uuit wllic]l should k ol)erational within a fcw Inonlhs. Stability is clearly

superior to the hydrc)gen maser at short measuring t imm, and we cxI)ect to lllcct the requircmmlt of

(3- 4)x 10-15 stability for 1 second < ~ < 100 seconds for the CASSINI Ka-baud Experimcmt. Phase

noise measurements arc expected soon with the comrktioll of a second unit.

klecd of the limitations of quartz or hydrogen maser L.O.’s the mw generation of ~mssivc atomic

standards such as the LITS aud Ccsium Fountain cau ncnv bc operated conti~]uously while realizing their

inhcrcmt capal)ilities. A local oscillator with the cal)abilit,y of tile 10 K CSO can cllable tllcse st,alldards

to achicwe stabilities c)f better than 1 X 10-14 /T1t2.
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Fig. 1. Cryogenic and vibration isolation systems showing measured temperatures. A small dcwar fits closely around t}w

cryocooler with the space bctwmn them filled with helium gas at atmospheric pr~ssure.

Fig. 2. Compensated sapphire resonator .sIlowing details of electromagnetic arid thermal design. ‘1’}lethin-walled stairlless

steel tube tbernmlly isolates t}le resonator elcn)ellts while providing good rf confinement. EIectromagr)ctic field intensity

varies approximately 1 order of magnitude per color band as calculated by the CYIU3S-2 finite -clement computer

program.
.

Fig. 3, Measured reactii,e and resistive components for tl,e permittivity of 0.037. ruby. Delta P is t}le frequency deviation

from tbe 11.44 GFIz zero field splitting for chromium impurities in ruby. Toget}ler, tbcs= two curv=s allow t}lc spin-litrrited

Q to be calculated for any ruby- sa[,pbire compe,,sated raonator. T’he dotted linm show slopes of -1 and +2 m predicted

by the Lorenzian moclel.

Fig. 4. Measured temperature dependence of the compensated resonator with a 4 mm spacing between sapp}lire and ruby

elements. T}lis rrsonator shows a turv-over temperature of 8.821 K compared to the predicted vzalue of 7.43 K shown

in Fig. 2.

Fig,. 5. Measured frequency stability for the 10 K CSO against a DSN-2 hydrogen maser tuned for best snort-term stability.

Even this “hot” H-rnasser reference don~ir)ates the observed short term vm-iation. The long-term turn-up is due to tbe

CSO and is likely caused by sensitivity of the rf electronics to room temperature vaiations,

Fig. G. Conlpariscm of the combined 1,1’TS / CSO to an SAO H-maser with excellent long-term stability. ‘I%e LITS vs CSO

data is obtained by time analysis of tllc feedback signal to the freqrrrmcy–locked CSO for shorter time scalm wllerc the

CSO has the superior stability. This wcmk represents the first demonstration in our laboratory of any otbcr standard

that eqUa]S or bdtfYS tlliS }Iydrogen ma-ser fc,r all ll)(!:LSUril)g times.
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